ABSTRACT Damping strategies are cost-effective and easy-to-implement, and are used to mechanically load heaving wave energy converters (WECs) by utilizing the combination of a properly sized power takeoff (PTO) system and an accompanying control algorithm. Compared with reactive-based control strategies, damping strategies have lower energy throughput, but they can be effective for small WEC systems. To the best of our knowledge, damping strategies have been generally discussed either within the mechanical or the electrical framework. Therefore, this paper is an attempt to bridge the two directly interacting sides of the problem. Furthermore, the effect of the wave characteristics and the operating conditions of the PTO system on the power capturing performance of WECs is examined. A criterion to properly select the required damping, considering not only the hydrodynamic forces but also the limitations present in the PTO system, is proposed. The simulation and experimental results of the investigated system are provided and discussed.
I. INTRODUCTION
Many countries around the world are racing against time to gradually replace fossil fuel and nuclear energy sources with renewable energy sources. Solar and wind energy have been receiving the most attention for the past 50 years, which has resulted in significant advances at both the technical and economic fronts. Marine energy is another renewable energy source that has been garnering attention recently. Contrary to tidal energy, wave energy is less site-dependent, where sites that lie between the latitudes of 30 o and 60 o in both hemispheres are considered to be potential sites for wave energy extraction [1] . The global wave energy resource is estimated to be approximately 17 TWh/year [2] . However, owing to the technological and economic restrictions, the extractable amount is lower.
Significant research efforts, both theoretical and experimental, have been devoted to the development of wave energy since the 1970s. However, technically sound and economically viable solutions that can be commercialised on a large scale are yet to be explored. The difficulties facing wave energy development range from the lack of institutional funding to more technical difficulties, such as the irregular nature of the wave resources, low excitation speeds of energetic sea waves, sophistication associated with the construction and control of the power take-off (PTO) system, and harsh environment of operation [3] .
Numerous control strategies have been proposed in literature. Generally, all the control strategies can be classified into two groups: passive or resistive strategies, in which resonance is not sought and only unidirectional power flow is realised; reactive control strategies in which reactive power flows bidirectionally to achieve resonance [4] , [5] . Resistive or damping strategies are simple to implement and cost-effective, since smaller PTO rating is required [6] . From the control point of view, damping strategies do not require control laws to alter the phase difference between the voltage and current signals in the PTO (i.e. for direct drive PTO systems). Only the magnitude of the current is manipulated to regulate the damping condition, which is derived by considering only the hydrodynamic forces. In [9] , a more practical damping strategy was developed to reduce the copper losses in the PTO system. A boost rectifier circuit controlled by a method based on an explicit DC maximum power transfer theorem was proposed in [6] . The perturb and observe algorithm was used to implement a maximum power point tracking strategy to determine the optimum damping in real time as discussed in [7] . In [8] , a hill climbing algorithm was deployed to search for optimum PTO resistive and reactive coefficients. Experimental trials aimed at studying the effect of varying the electrical resistive load on the performance of the linear generator were reported in [10] and [11] .
In this paper, perspectives on the damping strategy used in controlling the power capturing capabilities of heaving wave energy converters (WECs) are provided. Although damping control strategies have been discussed extensively in literature, they have generally been discussed only in the mechanical (i.e. hydrodynamic) framework. As these strategies cannot be implemented without a PTO system, such as a linear generator and power converter modules, it is crucial to explore them in both the mechanical and electrical frameworks. In this work, we investigate the influence of the operating conditions in the sea environment and PTO system on the dynamics of the oscillating buoy and its energy capturing capabilities. In the mechanical side of the system, the level of damping can be well described by the damping factor, which originates from the fact that the wave-buoy interactions can be simply viewed as a mass damper spring system. Apart from the design of the WEC, the damping factor is a time-dependent quantity and it varies as the sea wave condition varies (i.e. the wave significant height and peak period). A practical criterion for selecting the optimum damping factor is derived. This criterion considers the thermal limitations and design configuration of the PTO system along with the hydrodynamic effects. Figure 1 demonstrates the WEC system discussed in this paper. The system topology is inspired from the Uppsala University single-body heaving WEC [12] , [13] . For the sake of simplicity, a permanent magnet linear generator (PMLG) is connected to a passive diode rectifier, and hence, no control algorithms are required. The electrical loading conditions are varied by varying the resistive load connected to the output terminal of the rectifier, as shown in Fig. 1 . This paper is organised as follows. The WEC system model is discussed in Section II. The damping strategy is elaborated in Section III. The simulation and experimental results are presented in Section IV. The conclusions are presented in Section V.
II. SYSTEM MODEL
In this section, the dynamic model of a single-body heaving WEC is derived. The forces acting on the moving parts of the device, i.e. the buoy, PMLG translator, and interconnecting tether, can be broadly classified into two groups: the hydrodynamic forces acting on the buoy and the forces exerted by the PTO system on the PMLG translator [14] .
A. WAVE-BUOY INTERACTION
The interaction between the sea waves and the oscillating buoy is governed by a set of hydrodynamic forces. The dominant force is the wave excitation force f e (t), which is the force experienced by the buoy owing to the incoming sea waves when it is held motionless. This force can be approximated by a linear state space model, as follows:
where γ e (t) is the excitation state variable; η(t) is the wave elevation; A e , B e , and C e are the excitation state-space matrices. The second hydrodynamic force is the radiation VOLUME 5, 2017 force f r (t), which is a function of the buoy heave velocity v(t) and can be estimated -similar to f e (t) -by the following linear model:γ
where γ r (t) is the radiation state variable. The product m ∞ a(t) denotes the inertia owing to the hydrodynamic added mass at infinite frequency m ∞ . The matrices A r , B r , and C r are the model state-space matrices. Another force is the hydrostatic stiffness force f s (t), which is the net force resulting from equating the gravitational force owing to the buoy mass and the buoyancy force resulting from the mass of the displaced water. This force is modelled to be linearly proportional to the buoy heave displacement z(t) with the product S s = ρgA w being the proportionality coefficient, i.e. f s (t) = ρgA w z(t). Note that ρ, g, and A w are the sea water density, gravitational acceleration, and buoy underwater surface area, respectively.
B. POWER TAKE-OFF
The PTO system is responsible for converting the absorbed mechanical power to useful captured power (i.e. electrical power). It consists of the PMLG, power converters, and other auxiliary mechanical components (e.g. restoring end-stop springs).
The PMLG is modelled in a way similar to a rotary machine with the main distinction being that the linear velocity of the machine translator v(t) is used to induce the electromotive force (EMF) according to Faraday's law [15] . Therefore, the phase EMF voltage can be expressed as
where N , τ , andφ are the number of turns of the stator coils, magnet pole pitch, and machine peak flux, respectively. The phase stator voltage u s (t) can be obtained as follows:
where i s (t), R s , and L s are the phase stator current, stator resistance, and stator inductance, respectively. The electrical angular frequency ω e is expressed as a function of the translator linear velocity, ω e = π v(t)/τ . As shown in Fig. 1 , the PMLG is cascaded with a three-phase diode bridge rectifier connected with a smoothing capacitor before feeding the load. The rectified output voltage at the load can be obtained as a function of the three-phase stator voltages and currents, i.e.
where β is
where sgn(.) represents the sign function.
The electromagnetic PTO force f g applied by the PMLG on the moving parts of the WEC is directly proportional to the quadrature component of the stator current i sq (t)
where λ pm is the total magnetic flux linkage observed at the PMLG air-gap. Park's transformation is applied to the threephase stator currents to obtain i sq . The PMLG translator moves in heave against a set of springs placed at the bottom of the PTO assembly. The springs restore the translator to its equilibrium position as it moves away, owing to wave excitation. The restoring force of the springs f rs (t) is modelled as a normal spring force, f rs (t) = S rs z(t). Moreover, auxiliary springs are placed at the top and bottom ends of the PTO assembly, in order to protect the machine translator at full strokes. The force produced by these end-stop springs can be modelled as follows:
where S es is the end-stop spring coefficient, z * is the translator stroke, and U is the unit step function.
C. WEC EQUATION OF MOTION
By applying Newton's second law of motion on the moving parts of the WEC system, we obtain
where m t is the total mass of the moving components, which includes the masses of the buoy and PMLG translator, tether masses m b , and the hydrodynamic infinite added mass m ∞ . Substituting the equations discussed above into Eq. 11 and adding it to the state-space representation, we obtaiṅ
where
, and x 4 = γ e .
III. DAMPING STRATEGY
Along with the generation of useful power, the PTO system is also responsible for altering the dynamics of the heaving buoy by producing an electromagnetic force f g (t). This is carried out by varying the current flowing in the PMLG stator circuitry. Practically, power converters are deployed to control f g (t) in real time. From the mechanical point of view, the influence of the PMLG force f g (t) can have a damping, inertia, or spring effect, or a combination of any of these effects [6] . For a loaded WEC system, the buoy heave velocity can be expressed aŝ
wheref e andv are, respectively, the complex amplitudes of the excitation force and heave velocity. The denominator in Eq. (13) represents the system equivalent impedance, whereas R g , m g , and S g are the PTO damping, mass, and spring coefficients, respectively. The power P ab absorbed by the WEC is the real power consumed by the PTO damping component (i.e. P ab is always positive) and it is calculated as
Substituting Eq.13 into Eq.16, we obtain
By maximising Eq. (17) with respect to R g and solving for R g , we obtain an expression for the optimum PTO damping R * g , i.e.
Therefore, by setting R g = R * g in Eq. (16) and both m g and S g in Eq.(15) to zero, the maximum off-resonance power absorption can be achieved. Therefore, the PTO force f g (t) only has a damping component. Notably, higher power absorption can be achieved if the WEC system operates at resonance, i.e. X t (ω) = 0. This requires significantly higher PTO force to obtain a system natural frequency ω n close to that of the wave resource ω (i.e. m g & S g = 0). Equation 17 can be re-written as a function of the system natural frequency ω n and damping coefficient δ
where ω n = √ (S s + S rs )/(m t + M r (ω)) and δ = R r (ω) + R g )/2 m t +M r (ω) . Dividing the damping coefficient δ by the natural frequency ω n , we obtain the damping factor d f , which is a dimensionless quantity that indicates the level of the actual damping with respect to the system's critical damping Figure 2 shows the variation of the absorbed power as a function of the wave frequency for different values of d f . Notably, all the absorbed power curves are centred at a single frequency, i.e. ω n , where the maximum power absorption occurs if the sea resource peak frequency ω p coincides with ω n . As d f increases, the WEC absorption bandwidth increases; hence, the likelihood of absorption of more power increases. The solid line curve with the widest bandwidth belongs to the off-resonance optimum damping strategy illustrated in Eq. (18) . The greater the value of d f , the greater the PTO force f g (t) becomes, which requires higher stator current, as shown in Eq. (9). The damping force issued by the PTO system is constrained by the thermal limitations (i.e. current constraint) of the different PTO components, namely the PMLG and the deployed power electronics modules. Therefore, it is important to determine the highest possible damping R g without violating these limitations. For the PTO system under investigation, the PMLG stator voltage is dictated by the voltage of the dc link capacitor u dc (t), which is also equal to the output voltage u o (t). The d − q reference frame stator voltages u sd and u sq should satisfy the following constraint [16] , [17] :
where U * s is the stator peak phase voltage. For a surface mounted permanent magnet synchronous generator, the d −q axis stator voltage equations are 
where the constant β = R 2 s + ω 2 e L 2 s . As the PMLG force f g (t) is dominated by the quadrature current component i sq , in order to minimise the PMLG copper losses, it is common practice to set i sd to zero when controlled power converters are utilised. If uncontrolled converters (e.g. diode bridge rectifier) are utilised, it can be assumed that i sq i sd . Therefore, henceforth, i sd is omitted, which yields
Re-arranging Eq.(25), we obtain
For notation simplicity, let α = 1 β βU * s − ω 2 e R 2 s λ 2 pm , i sq is bounded as
Apart from the PMLG design characteristics, i sq constraint is mainly influenced by the machine electric frequency ω e , which is in turn dependent on the buoy heave velocity v(t) and the stator peak phase voltage U * s . Note that U * s is synthesised by the dc link voltage u dc depending on the used power converter configuration and the accompanying switching algorithm [16] . The relationship between U * s and u dc is usually expressed by the power converter modulation index µ = U * s /u dc . Regardless of the used switching algorithm, µ typically varies between 1/ √ 3 and 1/2π, and for a diode bridge rectifier, µ lies somewhere in between (i.e. µ = 1/3 √ 3) [18] . As shown in Fig. 3 , the peak stator current is directly proportional to the modulation index µ at all the peak velocity values. Furthermore, as the heave velocity of the buoy increases, the allowable stator peak current decreases; therefore, lower damping force can be produced. In other words, the damping strategy works best at low velocities. Note that the difference between the stator peak current values decreases as the peak velocity decreases. The damping factor d f as a function of the wave frequency ω at different modulation indexes is plotted in Fig. 4 . It is evident that the practical d f values are lower than the theoretical optimum d f values (dotted curve); however, the difference between the two increases as the buoy velocity increases. The modulation index µ has a lower impact on d f compared to the buoy peak velocity v * . For ω ≤ 1 rad/s, as v * increases, the difference between the lowest and highest values of µ decreases, as shown in Fig. 4 . Therefore, µ has less significance as v * increases.
As the damping strategy is considered (i.e. f g (t) = R g v(t)), the criterion for R g can be derived by substituting Eq. (9) into Eq. (27) as follows:
Similarly, Eq. (28) can be further manipulated to derive a criterion for selecting the damping factor d f by reformulating Eq. (20) and substituting it into Eq. (28).
IV. RESULTS AND DISCUSSION

A. SIMULATION SET-UP
In this work, a single-body heaving WEC system is simulated in the MATLAB/Simulink environment. The hydrodynamic forces were estimated using the hydrodynamic software WAMIT [19] . A three-phase diode bridge rectifier cascaded with a smoothing capacitor is implemented for the PTO system. All the design parameters are listed in Table 1 . The JONSWAP spectrum was utilised to generate irregular sea-states. The performance is assessed by calculating metrics such as the mechanical absorbed power P ab (t), the electrical power consumed by the electric load P o (t), and the average wave-to-wire efficiency ζ =P o /P w , whereP o and P w are the time-averaged output power and wave power, respectively.
B. SIMULATION RESULTS
First, a polychromatic sea-state of significant height H s = 3.75 m and peak period of T p = 8 s was applied as shown in Fig. 5(a,b) . The buoy heave displacement and velocity signals are plotted in Fig. 5(c) . It is evident that the buoy peak displacement is as high as the wave elevation (≈ 2 m). The PTO damping force f g (t) is lower than the wave excitation force f e (t), which indicates the absence of reactive components in f g (t), as shown in Fig. (5)(d) . The discontinuity in f g (t) is due to the discontinuity present in the stator current, caused by the diode bridge rectifier operation. The average damping R g is 53 kN.s/m, i.e. 27% of the theoretical optimum damping R * g . The average damping factor d f is 0.25. The instantaneous absorbed power P ab (t) is unidirectional (positive), which shows that the real power is being absorbed by the oscillating buoy from the incident sea waves. The time-averaged absorbed power P avg is approximately 37 kW as illustrated in Fig. (5)(d) . The electrical dynamics of the WEC are plotted in Fig. (6) . The voltage signals, namely the phase EMF voltage e a (t), phase stator terminal voltage u sa (t), and output load voltage u o (t), are shown in Fig. (6)(a) . The ripple in u o (t) is due to the variation in the EMF voltage amplitudes as a result of the variation of the heave velocity v(t). As a result of the low machine internal inductance L s , e a (t) and u sa (t) are nearly in phase, whereas the deviation in the amplitude originates from the voltage drop across the internal resistance R s . The average output power (consumed by the load) is approximately 22 kW. The corresponding PMLG mechanical-to-electrical conversion efficiency is 56%. The effect of the wave climate, characterised here in terms of the wave peak period T p and significant height H s , along with the electrical loading condition R L , on the performance of the WEC system is demonstrated in Figs. 7-9 . R L is selected as a varying parameter, as it has direct influence on i sq , and thus on R g and d f . First, a wave with low significant height (i.e. H s = 1.75 m) was applied, and the results are plotted in Fig. 7 . Intuitively, as R L increases, the average absorbed power P avg decreases monotonically, as shown in Fig. 7(b) . However, sea waves with lower peak period (e.g. T p = 5 s and T p = 6 s) demonstrate different behaviour, where P avg slightly decreases as R L approaches 100 . Similarly, the average damping force decreases monotonically as R L increases for all the sea-states, as shown in Fig. 7(d) . With regard to the average output power P o , the optimum power point varies for different T p as illustrated in Fig. 7(a) . The WEC system produced the highest output power when excited by the lowest peak period sea-state T p = 5 s at R L = 60 . This is apparently because the wave VOLUME 5, 2017 peak frequency is close to the oscillator's natural frequency (i.e. ω n ). As T p increases, the optimum power point occurs at lower values of R L . Note that, as R L is further decreased beyond 15 , P o reduces significantly. Therefore, a higher d f does not necessarily indicate a higher power capture, and the sea-state peak period T p should also be considered. The waveto-wire conversion efficiency is the highest for sea-states with low T p (i.e. 14%). Figure 8 shows the system performance under sea-states with H s = 2.75 m. The optimum power points of P o are observed at R L < 25 , except for the seastates with T p = 5 s and T p = 6 s. The conversion efficiency is lower compared to the case when H s = 1.75 m, which is due to the increase in machine copper losses. The WEC system for higher sea-states H s = 3.75 m was also examined, as shown in Fig. 9 . Notably, the increase in the damping force as H s increases from 1.75 m to 3.75 m is only 1.7 times, whereas P o increases fourfold.
C. EXPERIMENTAL SET-UP
In order to obtain further insight into the WEC damping strategy, a test bed of the investigated system was built, as shown in Fig. 10 . The test bed consists of a 1.2 kW three-phase PMLG, controllable linear actuator, three-phase bridge diode rectifier, capacitor bank, resistive load, a set of mechanical and electrical transducers, and data-logging system.
The PMLG is made of fixed double-sided magnet blocks and a movable stator assembly (i.e. machine translator). The machine maximum stroke is 1 m and the rated vertical velocity is 1 m/s. Further details of the PMLG design are provided in [20] . A linear actuator driven by a servo motor is utilised to emulate sea waves. For rectification, an Inverpower Model using an S-beam Richmond type-700 2500 N load cell. For data-logging, a dSpace MicroAutoBox II along with a DS1513 I/O board is used.
Notably, the constructed test bed does not have the capability to emulate the hydrodynamic forces that result from the interaction between the oscillating body and surrounding water. Therefore, the results presented in the following section are included mainly to support the results provided by the simulations.
D. EXPERIMENTAL RESULTS
An irregular wave with a significant height of 0.5 m and peak period of 5 s was applied. The DC side resistive load is tuned at 200 in order to limit the peak current. The mechanical dynamics are presented in Fig. 11 . The peak heave velocity of the translator is approximately 0.2 m/s, as shown in Fig.11(c) . The electromagnetic damping force produced by the machine has discontinuities, which is due to the discontinuities imposed by the bridge rectifier. The peak damping force produced is approximately 1 kN, which is a result of the increased translational acceleration at these instants. This abrupt increase in the damping force may apply stress on the machine translator, which was noticeable in the form of jittering. The three-phase terminal stator voltages along with the DC link output voltage are shown in Fig. 12 . The DC output voltage follows the envelope of the threephase voltages with an average value of 60 V and its peak reaches 100 V. As the translator slows down, the machine EMF voltage reduces, which in turn decreases the current feeding the DC link capacitor; therefore, the output DC voltage decreases. Figure 13 illustrates the three-phase stator currents along with the output DC current. The time-averaged output DC current is approximately 0.3 A, whereas the stator current reaches 4 A, which coincides with the peak damping force instants. The average output power consumed by the load is approximately 21 W, as shown in Fig. 14 . 
V. CONCLUSION
In this paper, the damping strategy for a direct-drive-based heaving WEC was discussed in both the mechanical and electrical contexts. The effect of the sea environment and PTO system operating conditions on the WEC power absorption performance was investigated. A criterion to select the optimum yet practical damping factor, considering both the hydrodynamic forces and the technical constraints of the PTO system, was developed. Theoretical optimum damping using only the hydrodynamic forces is impractical, as it requires high stator currents, which can violate the system constraints. The proposed technique may assist in designing effective damping control strategies and properly sizing the PTO system components, leading to a more feasible design both technically and economically.
